Hereditary spastic paraplegias (HSPs; SPG1-48) are inherited neurological disorders characterized by lower extremity spasticity and weakness. Loss-of-function mutations in the SPG20 gene encoding spartin cause autosomal recessive Troyer syndrome (SPG20), which has additional features of short stature, cognitive deficits and distal amyotrophy. To identify cellular impairments underlying Troyer syndrome, we generated Spg202/2 mice, which exhibit progressive gait defects. Although gross central nervous system pathology appeared largely normal, cerebral cortical neurons cultured from neonatal Spg202/2 mice exhibited increased axon branching, a phenotype suppressed by reintroducing spartin and which required its interaction with the endosomal sorting complex required for transport (ESCRT)-III protein IST1. Analysis of the bone morphogenetic protein (BMP) signaling pathway in Spg202/2 embryonic fibroblasts indicated that Smad1/5 phosphorylation is modestly elevated, possibly due to alterations in BMP receptor trafficking. Cytokinesis was impaired in embryonic fibroblasts cultured from Spg202/2 mice, and binucleated chondrocytes were prominent in epiphyseal growth plates of bones in Spg202/2 mice, perhaps explaining the short stature of patients. Finally, adipose tissue from Spg202/2 female mice exhibited increased lipid droplet (LD) numbers and alterations in perilipin levels, supporting a role for spartin in LD maintenance. Taken together, our results support multimodal functions for spartin that provide important insights into HSP pathogenesis.
INTRODUCTION
Hereditary spastic paraplegias (HSPs) are a genetically diverse group of neurological disorders with the cardinal feature of lower extremity spastic weakness, resulting from a distal axonopathy of corticospinal motor neurons (1, 2) . HSPs have historically been divided into two categories, 'pure' or 'complicated', based on the presence (complicated) or absence (pure) of associated clinical features such as cognitive dysfunction, distal amyotrophy, thin corpus callosum, white matter abnormalities and neuropathy (3) . More recently, a genetic classification scheme has taken hold, with well over 40 distinct loci mapped (SPG1-48) (2). Greater than 20 HSP genes and their protein products have now been identified, and sequence analyses and published studies support pathogenic convergence within a number of common cellular themes, including alterations in endoplasmic reticulum (ER) network shaping/ distribution, lipid/cholestrol metabolism, mitochondrial function, myelination, bone morphogenetic protein (BMP) signaling, adaptor protein function and endocytosis (1,2,4 -9) .
Troyer syndrome (SPG20; OMIM 275900) is a childhood-onset, autosomal recessive, complicated HSP characterized by spastic paraparesis along with spastic dysarthria, cognitive impairment, short stature and distal amyotrophy, exhibiting both developmental and degenerative features (10) (11) (12) (13) (14) . Nearly all patients have been described within Old Order Amish communities in Ohio (12) , but more recently a different mutation was identified in an Omani kindred (14) . In all known cases, the disorder is caused by frameshift mutation of SPG20 resulting in large predicted protein truncations and complete loss of expression of spartin, the SPG20 gene product (11) (12) (13) (14) .
Spartin is a 666-amino-acid residue protein widely expressed in human tissues and broadly conserved among species (Fig. 1A) ; it localizes to several different cellular organelles and compartments, including endosomes, midbodies, lipid droplets (LDs), and mitochondria (15) (16) (17) (18) (19) (20) (21) (22) . Spartin harbors an N-terminal MIT (contained within microtubule-interacting and trafficking molecules) domain (23) , a proline-rich PY motif and a plant-related senescence domain (Fig. 1B) . Its MIT domain interacts selectively with the endosomal ESCRT-III protein IST1 (21) , while the PY domain interacts with the WW domains of Nedd4-family ubiquitin ligases such as atrophin-1-interacting protein 4 (AIP4) and AIP5 (18, 19, 24) . The ESCRT-III complex is the core machinery mediating membrane abscission events in ESCRTdependent pathways, including multivesicular body formation, viral budding and membrane abscission during cytokinesis (25) , while Nedd4-family E3 ligases function in ubiquitindependent, proteasome-mediated protein degradation (26) .
Concordant with its distributions among different organelles, spartin has been implicated in multiple cellular processes. Spartin participates in cytokinesis and is recruited to midbodies via its interaction with IST1 (21) . Spartin is also monoubiquitinated, recruited to endosomes and required for efficient endosomal trafficking and degradation of the epidermal growth factor receptor (EGFR) in HeLa cells (17, 19) . Finally, spartin localizes to newly formed LDs (18, 19, 24) , dynamic lipid-storage organelles formed via the accumulation of neutral lipids at the ER and recruitment of specific proteins, including perilipin family-members. Spartin interacts with the surface lipid monolayer of LDs through its C-terminal region and plays a role in LD regulation by binding to TIP47 and E3 ubiquitin ligases (such as AIP4 and AIP5) on LDs (17) (18) (19) 24, 27) , with these interaction leading to degradation of LD-associated proteins (24, 27) .
Recently, spartin was shown to inhibit the BMP signaling pathway, a function shared among other HSP proteins, including atlastin-1 (SPG3A), spastin (SPG4) and NIPA1 (SPG6) (28) . These alterations are particularly interesting with respect to disease pathogenesis as BMP signaling is a crucial pathway for neuronal development and axonal function. Studies in Drosophila have shown a determinant role for BMP signaling in synaptic growth at the neuromuscular junction, and BMP signaling regulates axonal growth, guidance and differentiation during mammalian development (29) (30) (31) (32) .
In this study, we have developed a mouse model for Troyer syndrome by targeted disruption of the Spg20 gene. Spg202/2 mice have a significant gait phenotype behaviorally, and this is associated with a number of disease-relevant cellular abnormalities affecting axon branching in cerebral cortical neurons, LD maintenance, cytokinesis and BMP signaling.
RESULTS

Adult Spg202/2 mice exhibit motor dysfunction
Spartin is a highly conserved protein, with putative orthologs present in distant species (Fig. 1A) ; its domain organization is shown schematically in Figure 1B . As Troyer syndrome patients lack spartin protein (13, 14) , we generated Spg20 null mice to analyze the pathophysiology of Troyer syndrome. Spg202/2 mice were generated by homologous recombination using the strategy shown in Figure 1C . Disruption of Spg20 was confirmed using polymerase chain reaction (PCR) (data not shown), and immunoblotting of brain, spinal cord and testis tissue homogenates from Spg202/2 adult mice revealed an absence of spartin protein (Fig. 1D) .
Spg202/2 mice breed normally, and their offspring appear normal in the cage at birth. However, they develop progressive impairments in motor function. To assess lower extremity tone, we compared Spg202/2 and Spg20+/+ mice at multiple ages (2 -12 months) using a suspension reflex test. The hind limb phenotype upon suspending animals by the tail was significantly different in 12-month-old Spg202/2 mice when compared with age-matched Spg20+/+ mice ( Fig. 1E  and F , with Spg20+/+ mice on the left and Spg202/2 mice on the right in each video clip). Hind limb strength was less affected, and differences were significant only in female mice within this age range (Fig. 1I ).
Central nervous system pathology in Spg202/2 mice Six Spg202/2 (three male, three female) mice and an equal number of aged-and sex-matched Spg20+/+ mice were pathologically phenotyped by the NIH Office of Research Services Veterinary Research Program, with a comprehensive analysis comprising organ weights, serum chemistries, gross pathology and histological stains. The final report summaries are appended as Supplementary Material, Figure S1 and S2. Serum studies detailed in Supplementary Material, Table S1 showed statistically significant reductions in triglyceride (P ¼ 0.018) and uric acid (P ¼ 0.015) levels in male Spg202/2 mice compared with Spg20+/+ mice, though these values were all within the normal range.
To assess the consequences of the absence of spartin in the central nervous system of Spg202/2 mice, we perfused 12-month-old Spg20+/+ and Spg202/2 mice (n ¼ 3 of each) with paraformaldehyde and extracted brains and spinal cords. Whole brain measurements ( Fig. 2A) did not shown significant differences in brain size. Nissl-and H&E-stained parasagittal sections ( Fig. 2B and C) revealed no visible differences between deep nuclei and cortical layers of Spg20+/+ and Spg202/2 mice. Staining with cresyl violet (for cell soma) and luxol fast blue (for myelin) also showed no significant differences among brain and spinal cord sections of Spg20+/+ and Spg202/2 mice, and spinal cord anterior horn cell number was unchanged ( Fig. 2C and D and data not shown). Analysis of the axon termini of lower motor neurons (Supplementary Material, Fig. S3 ) showed that the neuromuscular junction, end plates and synaptic size appeared similar. We identified one Spg202/2 mouse with prominent paresis of the right front leg and bilateral hind limbs at 6 months of age due to a mesenchymal cell neoplasm composed Cultured cortical neurons from Spg202/2 mice exhibit increased branching
As a number of mammalian cell culture models for HSPs have exhibited alterations in neuronal morphology, particularly axon elongation and branching (32-35), we assessed Spg202/2 neuronal morphology ( Fig. 3 and Supplementary Material, Fig. S5 ). In Spg20+/+ cerebral cortical neurons in primary culture, spartin was observed in the cell soma and axon, while Spg202/2 neurons did not have detectable spartin protein by immunostaining or immunoblotting ( Fig. 3A and B) . Immunostaining of neurons for Tau-1 (axonal marker) and MAP2 (dendritic marker) facilitated assessment of cellular morphology (Supplementary Material, Fig. S5A and B). Quantification of cell form (degree of roundness), bipolarity (degree of cellular elongation) and spreading index as described in Materials and Methods showed close similarities between cortical neurons cultured from Spg20+/+ and Spg202/2 mice (Supplementary Material, Fig. S5C ). However, axon length and branching (primary and secondary) were significantly greater in Spg202/2 neurons ( Fig. 3C and D) , and the number of dendrites per neuron also showed significant increases in Spg202/2 versus Spg20+/+ neurons (Fig. 3E ). Taken together, our results are highly reminiscent of those described in neurons cultured from mice modeling the complicated hereditary spastic paraplegia (HSP) Mast syndrome (Spg212/2; ref. 36) , and they indicate that spartin may similarly function as a negative regulator of axon and dendrite formation and branching.
Suppression of Spg202/2 branching phenotype by spartin requires interaction with ESCRT-III
The ESCRT machinery (ESCRT-0 through ESCRT-III) is involved in a number of membrane modeling events, including multivesicular body formation, viral budding and abscission during cytokinesis (25) . Of the 12 known human ESCRT-III subunits, only IST1 interacts with the MIT domain of spartin (21) . To study the role of spartin in axon branching, we analyzed its interaction with IST1, which is required for spartin recruitment to midbodies during cytokinesis (21) . Immunoblotting of total homogenates from Spg20+/+ and Spg202/2 brain and spinal cord showed that IST1 protein levels are similar (Fig. 4A) . Moreover, cellular distributions of IST1 in cerebral cortical neurons cultured from Spg20+/+ and Spg202/2 mice appeared the same (Fig. 4B) . Thus, the expression and distributions of IST1 seem independent of spartin. The spartin MIT domain interaction with IST1 requires Phe24 (F24), and a structure-based F24D mutation (Fig. 4C ) abolishes the interaction of spartin with IST1 (21, 37) . Expression of hemagglutinin (HA)-tagged spartin rescues the increased branching phenotype in Spg202/2 neurons, reducing axon branch numbers to levels observed in Spg20+/+ neurons ( Fig. 4D and E). In contrast, expression of HA-tagged mutant spartin F24D did not affect the number of branches in Spg202/2 neurons. Lastly, overexpression of HA-IST1 significantly increased the number of axon branches in Spg202/2 neurons when compared with those neurons transfected with a control vector ( Fig. 4D and E) . Together, these data suggest that spartin may negatively regulate the activity of IST1 in stimulating axonal branching.
Lack of spartin increases accumulation of LDs
Spartin has been implicated in the regulation of LDs (18, 19, 24) . To investigate the role of spartin on LD maintenance in vivo, we analyzed weights of Spg20+/+ and Spg202/2 mice from 3 to 22 days post-delivery, but noted no significant differences (Fig. 5A ). When categorized by sex, body weights of male and female mice remained similar in Spg20+/+ and Spg202/2 mice at 1 month of age (Fig. 5B) . However, the proportion of adipose tissue was significantly increased in Spg202/2 versus Spg20+/+ female mice, while males showed no significant differences (Fig. 5B ). These data suggest that spartin is particularly important for lipid metabolism in female mice. Evalaution of adipocytes in H&E-stained white adipose tissue sections showed alterations in the overall appearance of the tissue, with adipocyte sizes highly variable in the Spg202/2 mice. This disorganization might reflect altered proliferation and/or differentiation of the adipocytes. In fact, there was a Fig. S6D and data not shown). Although the reasons for these sex differences remain unclear, they may reflect hormonal differences, conceivably related to spartin-dependent alterations in estrogen signaling. Immunoblots of adipose tissue from 4-month-old Spg202/2 females showed an increase in levels of perilipin A, which coats LDs and is involved in regulating lipid stores, consistent with the observed increase in LD number (Fig. 5E ).
To establish further the involvement of spartin in lipid metabolism, we analyzed the formation of LDs in embryonic fibroblasts from Spg202/2 and Spg20+/+ mice [mouse embryonic fibroblasts (MEFs); Fig. 5F ]. The fluorescence intensity of the selective LD dye LD540 was significantly higher in Spg202/2 cells compared with Spg20+/+ cells ( Fig. 5F and G) . The application of oleic acid, a monounsaturated fatty acid that stimulates LD formation in cells, induced an increase of LD540 staining intensity in Spg20+/+ MEFs. The LD540 intensity in oleic acid-treated Spg202/2 cells remained higher than in Spg20+/+ cells, but not significantly different from Spg202/2 cells not treated with oleic acid (Fig. 5G ). Together these results confirm a crucial role for spartin in LD maintenance. In particular, these data are consistent with the proposed role of spartin in the recruitment of AIP4 and AIP5 (18, 19, 24, 27) .
Spartin participates in cytokinesis
Since several recent studies have shown that spartin is involved in cytokinesis (21,38), we analyzed cell division in MEFs. Spg202/2 MEFs were larger than Spg20+/+ cells (Supplementary Material, Fig. S7 ), and the number of multinucleated cells was far higher in Spg202/2 when compared with Spg20+/+ MEFs ( Fig. 6A and B) , confirming that spartin participates in cell division. Analysis of the dynamics of cell movement showed that while velocities were similar, cultured Spg202/2 MEFs migrated further than Spg20+/+ cells (Fig. 6C) . Live imaging of cells also showed that cytokinesis was slowed in Spg202/2 cells when compared with Spg20+/+ cells (Fig. 6D) . Moreover, the number of division events was higher in Spg20+/+ when compared with 
Spg202/2 mice exhibit an in vivo cytokinesis defect in chondrocytes
Since Troyer syndrome patients have short stature and other prominent skeletal anomalies that suggest dysfunctional bone development (13), we characterized the skeletal phenotype of Spg202/2 mice. Skeletons of postnatal day 1 (P1) and P28 Spg202/2 and Spg20+/+ mice stained with Alcian blue/Alizarin red showed no gross histological abnormalities in epiphyseal growth plate structure during formation of the long bones of the appendicular skeleton (Fig. 6E and F and data not shown). Quantification of vertebral column length at P1 and P28 revealed no differences between Spg20+/+ and Spg202/2 mice, and the sizes of tibia, femur, humerus and ulna of Spg20+/+ and Sp202/2 mice were similar at both P1 and P28 (data not shown). H&E-stained sections of knee joints of newborn Spg20+/+ and Spg202/2 mice appeared grossly similar. However, multinucleated chondrocytes in Spg202/2 mice were significantly increased (Fig. 6G) , suggesting that defective cell division in epiphyseal growth plates in the context of the much larger scale of human long bones could contribute to the short stature of patients with Troyer syndrome. (Fig. 7A and B) , consistent with previously published spartin siRNA studies (28) . Analysis of BMP receptor II (BMPRII) levels in cultured cerebral cortical neurons treated with or without BMP4 ligand for 1 h after a 4-h serum-starvation showed no significant differences in Spg202/2 neurons, under both BMP4-treated and untreated conditions (Fig. 7C) . Though there was a trend toward an increase in pSmad phosphorylation in the Spg202/2 neurons, as seen in the MEFs (Fig. 7B) , this did not reach statistical significance under these experimental conditions ( Fig. 7C and D) . Spartin protein levels in Spg20+/+ MEFs and neurons were unchanged after BMP stimulation ( Fig. 7A and E) .
BMP signaling alterations in
Spg202/2 cells A number of HSP proteins, including spartin, act as inhibitors of the BMP signaling pathway (28). We analyzed the BMP signaling pathway in MEFs from Spg20+/+ and Spg202/2 mice. Cells were serum starved for 20 h, then incubated with or without BMP4 for 1 h. After BMP4 stimulation, the pSmad/Smad ratio was significantly higher in Spg202/2 cells than in Spg20+/+cells
DISCUSSION
Troyer syndrome is a complicated HSP, with a number of clinical features in addition to the cardinal symptom of lower extremity spastic paraparesis, including short stature, bony defects, cognitive impairment, prominent spastic dysarthria and distal amyotrophy (10) (11) (12) (13) (14) . Given this clinical presentation, it is not surprising that spartin has already been implicated in several cellular processes: endocytic trafficking and degradation of EGFR (17, 39) , regulation of the size and number of LDs (18, 19, 24) , BMP signaling (28), ubiquitylation (17, 19) and cytokinesis (21, 38) . However, it remains unclear how these cellular defects resulting from spartin loss underlie the neurodegeneration and other pathologies in Troyer syndrome patients. To analyze spartin function in vivo, we generated a Spg202/2 mouse model for Troyer syndrome. We observed clear effects on motor function in these mice and identified key cell biological abnormalities that provide compelling links to disease pathogenesis.
The increased axonal branching in cultured Spg202/2 cortical neurons is likely pathologically relevant, since altered branching has been observed in a number of other HSP model systems. In fact, a very similar increased branching phenotype is seen in a Spg21 null mouse model for Mast syndrome (SPG21; ref. protein ACP33/maspardin functions as a negative regulator of CD4 signaling (41) , and since neurons do not express CD4, it seems likely that ACP33/maspardin negatively regulates other growth factor/cytokine signaling pathways as well (36) . A growth factor signaling pathway implicated in a number of different HSPs, including Troyer syndrome, is the BMP pathway. Indeed, Tsang et al. (28) described the effects of the knockdown of spartin as well as spastin (SPG4) and NIPA1 (SPG6) on the BMP signaling pathway, and in all cases these proteins acted as inhibitors of BMP signaling. Building on this theme, our analysis of BMP signaling in Spg202/2
MEFs revealed that Smad1/5 phosphorylation was significantly increased when compared with wild-type Spg20+/+ cells. Effects on cerebral cortical neurons in primary culture were less clear, but a similar trend toward increased Smad1/5 phosphorylation was observed in the Spg202/2 neurons. In signaling pathways, there is often a close relationship between signal transduction and endocytic membrane traffic. For many plasma membrane receptors, cell surface receptor levels and endocytic processes, including ESCRT-mediated sorting, are important in regulating the signaling response (42, 43) . Previous work has already suggested that spartin is involved in endocytic trafficking of EGFR through interaction with Eps15 (17, 39) . Thus, we postulate that, in corticospinal neurons, spartin could be important for the trafficking of BMPRII, and thus regulate BMP signaling. Decreased degradation of other growth factor receptors that would similarly result in altered signaling could be impacted by a lack of spartin expression as well. It remains uncertain whether the effects of spartin on BMP signaling are responsible for the changes in axon branching observed in Spg202/2 neurons. However, particularly compelling in this regard is the high selective interaction of spartin with the ESCRT-III protein IST1 (21) . IST1 and another ESCRT-III protein, CHMP1B, interact with the SPG4 protein spastin, a microtubule-severing AAA ATPase with prominent effects on axon branching (21, 34, 37) . Here, we found that overexpression of spartin in Spg202/2 primary neurons significantly decreased the number of axon branches, while expression of the structure-based spartin missense mutant F24D, unable to bind IST1 (21), did not suppress the spartin-dependent branching phenotype. Thus, interaction with IST1 is required for spartin-mediated effects on axon branching. Interestingly, the equivalent mutation in the spastin MIT domain, F124D, also blocks its interaction with IST1 (21, 37) . Overexpression of the ESCRT-III subunit IST1 and CHMP1B, both of which interact with spastin, in primary rat cortical neurons induces an increase in the number of axon branches (B.R., unpublished results). Taken together, these results are consistent with spartin functioning as an inhibitor of IST1 activity, possibly by preventing its interaction with spastin. In this scenario, IST1 might increase axon branching via the recruitment of spastin to branch points or by modulating its ATPase activity. The mechanisms underlying ESCRT-mediated effects on axon branching is clearly an important area for future investigation.
A particularly prominent and distinguishing feature of Troyer syndrome among other HSPs is the short stature of patients. We have previously observed that spartin knockdown by siRNA in HeLa cells results in defective cytokinesis, specifically the frequent failure to complete abscission (21) , and here we demonstrate dramatic effects on chondrocyte division in the epiphyseal growth plates of developing bone. Although this did not lead to significant changes in the length of Spg202/2 mice, the massively increased scale of human bone length may be particularly impacted by this decreased cell proliferation, thus providing a compelling mechanism to explain the short stature of Troyer syndrome patients.
In our pathological analysis of several Spg202/2 and Spg20+/+ mice, a large mesenchymal tumor was found compressing the cervical spinal cord in a single Spg202/2 mouse (Supplementary Material, Fig. S4 ). Although most parsimoniously ascribed to chance, this finding takes on increased significance because of a recent report that described hypermethylation of SPG20, resulting in down regulation of spartin expression, as a novel biomarker for early detection of human colorectal cancer (38) , in conjunction with an earlier study describing the involvement of spartin in cytokinesis (21) . It seems reasonable to speculate that hypermethylation of the SPG20 gene promoter is prominent not only in colon cancers and adenomas (38) but in other tumor types as well. The incidence of cancer in Troyer syndrome patients has not been reported, but will be an important area to emphasize in future investigation. Dysfunction of the ESCRT complex can affect several cellular pathways in addition to cytokinesis. Recent data showed that functional ESCRT complexes are required for autophagic fusion and clearance (44) , in particular during the normal degradation process of the EGFR (45) . Very recently, spartin has been shown to bind to p62/sequestosome-1 (ZIP1 and ZIP3 in rats), a protein with key roles during autophagy that in turn interacts with protein kinase C (PKC)-z. Spartin is required for the localization of both p62/sequestosome-1 and PKC-z to LDs, and the presence of the overexpressed spartin/ PKC-z/p62 complex increases LD size (46) . These data are in excellent agreement with our observation that adipocytes are smaller in the adipose tissue of Spg202/2 female mice. Furthermore, a direct link of spartin to LD formation has been demonstrated in several studies, and spartin interacts with TIP47 and AIP4/AIP5 on LDs (18, 19, 24) . Importantly, defects in lipid metabolism have been reported for a number of other HSPs (2,9). For instance, although autosomal recessive mutations in the BSCL2 gene encoding the BerardinelliSeip congenital lipodystrophy 2 protein (also known as seipin) cause congenital lipodystrophy, autosomal dominant mutations cause Silver syndrome (SPG17), an HSP with associated distal amyotrophy (47, 48) . Seipin localizes to the base of LDs, where it regulates adipocyte differentiation and LD formation (49) . Also, SPG39 results from mutations in the gene encoding neuropathy target esterase (NTE), a serine esterase with phospholipase and lysophospholipase activities that localizes to the endoplasmic reticulum and LDs (50, 51) . NTE is a crucial factor in nervous system development and maintenance, and brain-specific knockout of NTE in mice leads to progressive neurodegeneration (52) (53) (54) (55) .
In summary, our analysis of the Spg202/2 mouse model for Troyer syndrome reveals multimodal functions for spartin as a probable adaptor protein in the regulation of cytokinesis, LD maintenance, and BMP signaling, with one or more of these functions likely mediating alterations in axon development and branching. Importantly, other HSP proteins function in each of these cellular themes. Thus, Troyer syndrome is a rare form of HSP that links pathogenically to other forms. The involvement of spartin as an adapter protein linking autophagy and ESCRT proteins has important implications for more general mechanisms of neurodegeneration.
MATERIALS AND METHODS
Generation and breeding of Spg20 knockout mice
All animal experiments were conducted under research protocols approved by the NINDS/NIDCD Animal Care and Use Committee and/or the IACUC at Loyola University Chicago. Spg202/2 mice were generated commercially (Xenogen Biosciences) on a C57BL/6J genetic background. For construction of the targeting vector, the mouse chromosome 3 sequence (nt # 55 170 000 -55 250 000) was retrieved from the Ensembl database (http://www.ensembl.org) and used as a reference. BAC clone RP23-304A2 was used for generating homologous arms and Southern probes by PCR or the RED cloning/gap-repair method. The 5 ′ (2.5 kb) and 3 ′ (7.3 kb) homologous arms were generated by RED cloning/gap repair. They were cloned into CDLloxNw and pCR2.1 vectors, with fidelity confirmed by restriction digestion and end sequencing. The final vector was obtained by standard molecular cloning methods. Aside from homologous arms, the final vector also contained a LoxP-flanked Neo r expression cassette [for positive selection of embryonic stem (ES) cells] and a diphtheria toxin subunit A (DTA) expression cassette (for negative selection of ES cells). Final vector construction was confirmed by restriction digestion and end sequencing analysis. NotI digestion was used to linearize the final vector for electroporation. External 5 ′ and 3 ′ probes were generated by PCR using proofreading TaKaRa LA Taq (Takara Bio) and tested using genomic Southern blot analysis for ES screening. They were cloned into the pCR2b.1-TOPO backbone, with confirmation by DNA sequencing. For genotyping, genomic DNA was isolated from tail snips using standard procedures. Gene-specific PCR was carried out with Taq DNA polymerase (Invitrogen) and primers specific for Spg20 (forward:
, and genomic reverse (5 ′ -GGACAGAAT CCTGATTTATGCTTACAG-3 ′ ). The Neo r cassette was subsequently removed by breeding Spg202/2 mice with Cre-expressing C57BL/6J mice. For subsequent breeding, one male and one female from sexual maturity ( 40 days) to 12 months of age were housed in the same cage. After gestation and delivery, P1 pups were sacrificed to generate neuronal cell cultures or else the young mice were weaned from their mother 21-28 days after birth.
Behavioral testing
Spg20+/+ and Spg202/2 mice at 4 -7 months of age were compared in two different trials, with observers blinded to their genotype. To assess motor ability, mice were tested using a Med Associates ENV-575M 5 Station Rotarod Treadmill. Briefly, mice were placed on an elevated rod (3.2 cm in diameter) and monitored in three independent trials separated by at least 15 min for recovery. The speed was set to increase from 4 to 40 rpm, and animals were on the Rotarod for a maximum of 300 s. For video analysis using the Rotarod apparatus, 4-month-old mice were placed on an elevated rod and the speed was set to increase from 4 to 40 rpm, for a maximum of 300 s, as mentioned earlier. Videos were edited using Windows VideoMaker.
Grip strength was monitored quantitatively using a grip strength meter (Bioseb) with the same mice. The mice were allowed to hold a metal grid with their back paws (2-leg test) and gently and steadily pulled backwards horizontally by the tail following the axle of the sensor, until they could no longer hold the grid. Recorded value corresponds to the 
Anatomical and histological analysis
Mice were transcardially perfused with 4% paraformaldehyde, and brain, spinal cord and skeletal muscle (gastrocnemius) were isolated and post-fixed in 5% paraformaldehyde for 16 h. Sections (50 mm thick) were cut with a cryostat (Leica CM3050S) and subsequently stained with H&E, Nissl, luxol fast blue, or Cresyl violet, or else immunostained as described previously (36) . Skeletal staining with Alcian blue/Alizarin red, histochemistry and immunostaining were carried out as described (56) . Briefly, skeletal whole mounts of P1 or P28 mice were performed on eviscerated animals with the skin completely removed. Carcasses were fixed in 95% ethanol, transferred to acetone, and finally stained in 0.01% Alizarin Red S and 0.02% Alcian Blue 8GX (Sigma-Aldrich) in 5% acetic acid and 75% ethanol at 378C. Samples were washed with water, cleared in 1% KOH (2 -4 days for P1 mice, and 7-14 days for P28, with daily solution changes) and stored long-term in 50% glycerol (w/v) in phosphate-buffered saline (PBS). This procedure stains cartilage blue and calcium-containing tissues such as bone red.
Body adipose tissue composition was measured in nonanesthetized mice using an EchoMRI 3-in-1 Body Composition Analyzer (Echo Medical Systems). For histological analysis of adipose tissue, abdominal white adipose tissue was dissected from mice and frozen at 2808C. Thick sections (50 mm) were cut using a cryostat at 2508C, fixed with 4% formaldehyde, and stained with H&E. Imaging of sections was performed using a Zeiss LSM710 laser scanning confocal microscope (Carl Zeiss Microimaging), with data analysis using ImageJ software (NIH).
Antibodies
Mouse monoclonal antibodies were used against b-tubulin (IgG1, clone D66, Sigma-Aldrich), neuronal b-tubulin (14944302; Covance), actin (clone AC-40; Sigma-Aldrich), PLCg-1 (2822; Cell Signaling) and Tau-1 (MAB3420; Chemicon). Rabbit polyclonal antibodies were used HA-epitope (ab9110; Abcam), spartin (13791; ProteinTech), IST1 (KIAA0174; GeneTex), synaptotagmin (gift from Dr Peter Low, Karolinska Institutet), PSD-95 (51 -6900; Zymed Laboratories, Invitrogen), perilipin (34705; Cell Signaling), MAP2 (sc-20172; Santa Cruz Biotechnology), BMPRII (612292; BD Bioscience), EGFR (sc-03; Santa Cruz Biotechnology), Smad (97435; Cell Signaling) and phospho-Smad1/5 (95165; Cell Signaling). A chicken polyclonal antibody (IgY) against neurofilament protein NF-H was purchased from Covance (PCK-592P).
Tissue preparation and immunoblotting
Preparation of cell extracts, gel electrophoresis and immunoblotting were performed as described previously (33, 57, 58) . Protein concentrations were determined using the Pierce BCA Protein Assay Reagent (Thermo Fisher Scientific) with bovine serum albumin as the standard. For immunoblotting, proteins were resolved by sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS -PAGE) and then electrophoretically transferred to nitrocellulose. After blocking with non-fat milk/0.1% Tween 20/Tris-buffered saline (pH 7.5), antibodies (1 -5 mg/ml) were added overnight at 48C.
For whole tissue studies, mice were dissected, taking care that all white adipose deposits were removed, and tissues were weighed. After rinsing once with cold PBS, cold lysis buffer [150 mM NaCl; 50 mM Tris -HCl, pH 7.4; 1 mM ethylenediaminetetraacetic acid (EDTA); 1% NP-40; 0.5% deoxycholate; 0.1% SDS; Roche Complete Protease Inhibitor; 1 mM phenylmethylsulfonyl fluoride (PMSF) was immediately added at a ratio of 1:5-1:10 tissue to buffer (w/v). Samples were then homogenized using a Polytron homogenizer, sonicated briefly and centrifuged (48C, 16 000 g, 30 min). The supernatants (20 -30 mg protein) were subjected to SDS-PAGE and immunoblotted with the appropriate antibodies.
Most tissues were prepared as described previously (57) . For preparation of adipose tissue, mice were dissected at 4 months and tissue was weighed. After rinsing once with cold PBS, the tissue was transferred immediately to cold lysis buffer [150 mM NaCl; 50 mM Tris -HCl, pH 7.4; 1 mM EDTA; 1% NP-40; 0.5% DOC; 0.8% SDS; Complete Protease Inhibitor (Roche); 1 mM PMSF] at a 1:5 -1:10 tissue-to-buffer ratio (w/v). Signal quantifications were carried out with Image Lab Software (Bio-Rad) and normalized using an actin loading control signal.
Confocal immunofluorescence microscopy
A muscle staining protocol was adapted from Burgess et al. (59) . Briefly, tibialis anterior muscles were isolated from adult mice and fixed in 5% paraformaldehyde in PBS for 4 h on ice. Samples were transferred to a blocking and permeabilizing solution of 5% normal goat serum and 0.5% Triton X-100 in PBS for 1 h before they were pressed between two glass slides for 15 min, then returned to blocking and permeabilizing solution. Samples were incubated overnight at 48C with primary antibodies against NF-H, synaptotagmin, or PSD-95. After three 1-h washes in PBS containing 0.5% Triton X-100, samples were transferred to blocking/permeabilizing solution with Alexa Fluor 564 goat anti-mouse IgG 1 (Invitrogen) and a-bungarotoxin conjugated to Alexa Fluor 488 (B-13422; Invitrogen). After incubation overnight at 48C, samples were washed three times for 1 h and mounted with Fluoromount-G.
For live-cell imaging experiments, MEFs were cultured on 2-well glass-bottom chambers (Lab-Tek II Chamber Slides; Nalge Nunc International). Time-lapse recordings were made using a Zeiss LSM710 confocal microscope (Zeiss/PeCon XL LSM 710S1 live-cell incubator system with TempModule S, CO 2 Module S1 and Heating Unit XL S) at 378C in a 5% CO 2 humidified chamber. Images were obtained using a 40× 1.4 NA Plan-Apochromat oil differential interference contrast (DIC) objective as 1 mm z-stacks at 20 min intervals, together with a single DIC reference image. Images were exported in 8-bit TIFF format using NIH ImageJ software. For quantification studies, DIC images were used to determine To observe the midbody, cells plated on coverslips were fixed for 4 min with ice-cold methanol and blocked for 45 min with 10% goat serum, 0.1% Triton X-100 in PBS at room temperature. After three washes, coverslips were incubated with primary antibodies diluted in 1% goat serum. Alexa Fluor anti-rabbit and anti-mouse secondary antibodies (Invitrogen) were used at 1:300 dilution. Cells were counterstained with 4 ′ ,6-diamidino-2-phenylindole (DAPI; 0.1 mg/ml; Sigma-Aldrich) where indicated and mounted using Fluoromount-G. Cells were imaged using a Zeiss LSM710 confocal microscope with a 63× 1.4 NA Plan-Apochromat oil DIC objective, and image acquisition was performed using LSM510 version 3.2 SP2 software (Carl Zeiss Microimaging). Images were processed with ImageJ, Adobe Photoshop, and Adobe Illustrator CS2 software.
Neuronal cultures and transfections
Primary cultures of mouse cerebral cortical neurons were prepared from P1 mice, plated at a density of 1.0 × 10 4 /cm 2 on coverslips, and maintained and immunostained as described previously (36) . Quantifications of cell length, cell breadth, cell area, form factor, bipolarity index and spreading index were performed according to Lepekhin et al. (60) . For overexpression and biochemical studies, cells were transiently transfected with DNA plasmids using Amaxa nucleofector system (Lonza) for 3 day following the instructions of the manufacturer. The eukaryotic expression constructs for HA-spartin, HA-spartin F24D and HA-IST1 were described previously (17, 21) . Quantification of fluorecence intensity and measurements of axonal length and branching were carried out using ImageJ and NeuronJ (NIH) software, respectively.
Preparation of MEFs
Embryos derived from pregnant female Spg20+/2 mice at day 14 post-coitum were used to generate Spg20+/+ and Spg202/2 cells. Females were sacrified and the uterine horns were dissected out. Each embryo was separated from its placenta and the brain and dark red organs were excised. After washing with PBS, individual embryos were finely minced, suspended in trypsin -EDTA (Gibco), and incubated with gentle shaking at 378C for 15 min. After adding 2 vol of fresh MEF medium [DMEM (high glucose; Gibco 41966-052), 10% fetal bovine serum, 1:100 (v/v) L-glutamine (200 mM; Gibco 25030-024) and 1:100 penicillin/streptomycin (Gibco 15140-122)] the remaining pieces of tissue were removed, and the supernantant was centrifuged for 5 min at 100 g. The cell pellet was resuspended in MEF medium, and the cells were plated.
BMP signaling and receptor degradation assays
MEFs were cultured to subconfluency and then serum starved for 20 h at 378C. For neuronal studies, neurons were prepared from P1 mouse cerebral cortices as described previously (35) and plated at a density of 4 -8 × 10 6 per 10 cm plate. For BMPRII and EGFR experiments, after 7 days in vitro neurons were serum starved for 4 h, then either mock-treated or else treated with BMP4 ligand (20 mg/ml; Sigma B2680) for 1 h. The media were then removed, and cells were washed twice with PBS. Cells were scraped into extraction buffers: for MEFs (50 mM Tris-HCl pH 7.4; 150 mM NaCl; 1 mM EDTA; 0.1% SDS; 0.5% deoxycholate; 1 mM PMSF; Roche Complete Protease Inhibitor, EDTA-free; PhosSTOP), and for neurons (50 mM Tris -HCl pH 7.4; 150 mM NaCl; 1 mM EDTA; 1% SDS; 1 mM PMSF; Roche Complete Protease Inhibitor, EDTA-free; PhosSTOP). Samples were boiled for 7 min, and then centrifuged for 2 min at 16 000 g (Eppendorf 5415 D centrifuge). After protein quantification, SDS-PAGE sample buffer was added and samples were incubated at 658C for 5 min and resolved by SDS -PAGE (20 -25 mg total protein) immediately or stored at 2808C.
Oleic acid treatment and LD540 staining
To analyze LDs, MEFs cultured as decribed above were incubated with 100 mM oleic acid (Sigma-Aldrich) overnight. The next day, cells were fixed with 4% formaldehyde, permeabilized and immunostained with antibodies as described above. Then, cells were incubated with a solution of 0.1 mg/ ml LD540 (61) (gift of Dr Christoph Thiele) in PBS for 5 min, washed and mounted in Fluoromount-G. Fluorescence images were acquired with a 63× objective as a series of the optical z-stacks spanning the entire cell, using the transmitted light of a Zeiss LSM710 laser scanning confocal microscope (Carl Zeiss Microimaging). The recording conditions were set to obtain a fluorescence signal below the saturation level. Cell boundaries were defined by applying a threshold to each of the z-sections. Total fluorescence was calculated using ImageJ. At least 10 cells were randomly selected and examined for each condition.
Statistical analysis
Results are expressed as the mean + SD. Statistical analysis was performed using Student's t-test, assuming unequal variance, with P , 0.05 considered significant; Mann -Whitney U-statistics were used for skeletal comparisons. Asterisks indicate significant differences ( * P , 0.05, * * P , 0.01, * * * P , 0.005, * * * * P , 0.001).
